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Abstract 
 
     The increasing demand of applications in polymer industry requires new or improved 
combinations of material properties, which cannot be satisfied by few polymers alone. 
There has therefore been scientific and industrial interest in mixing two different polymers 
together to make polymer blends [1]. Of all possible polymer blend morphologies, co-
continuous blends are of particular interest due to their unique property of possessing two 
continuous phases [2]. In this research, a co-continuous structured elastomer-hydrogel 
composite is fabricated to combine the elasticity of elastomer and the permeability of 
hydrogel. The stretchable, water permeable composite can be used as a mechanically 
tunable molecular sieve in drug delivery and tissue engineering. Porous PEO-PDMS 
elastomer with interconnected microchannels is filled with polyacrylamide hydrogels via 
a microsphere-templating process. The configuration of the microstructure of the 
composite is observed and analyzed. Besides, the mechanical properties and diffusivity 
properties of the composite are experimentally characterized. In general, this research 
provides experimental bases for designing a new polymer blends of elastomer and hydrogel. 
It also aids in the creation of guidelines for the analysis of elastomer-hydrogel interactions. 
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Chapter 1 
Introduction and Theory of Co-continuous Structured 
Polymer Blends 
1.1 Fundamentals of Polymer Blends  
Polymers have been rapidly evolving since the 1930s, and the field of polymer blends 
has been one of the most prominent areas of investigation in recent research advances. 
Similar to the development of metal alloys, polymer blends are fabricated by physical 
mixing of two or more polymers that have different chemical or physical properties. 
Blending results in desirable different properties inherent to each parent polymer, along 
with the ability to optimize the behavior of the resulting polymeric composite [3-6]. Thus, 
the synergistic interactions and tunable material composition allows for improvements in 
material properties that satisfy broader performance spectra, such as chemical resistance, 
gas permeability and diffusivity, processability, flame resistance, with rapid product 
development and deployment [7]. Besides, polymer blends offer the advantages of 
reducing research and development cost and time, yielding enhanced material properties 
that may not be easily achieved by a new polymeric structure [3]. 
The primary differentiation of polymer blends is their phase miscibility, i.e. whether 
the polymeric phases separate or form a single phase at the molecular scale when mixed 
together. However, the immiscibility dominates most polymers that show mechanical 
incompatibility due to the weak adhesion at the phases interfaces. Because even a small 
difference in physical or chemical characteristics in a polymer chain could make two 
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components immiscible with each other [8-10]. The performance of incompatibility 
depends on the ingredients, concentration, and morphology etc. Since polymer blends 
require stability during the polymer forming process, compatibilization between 
multicomponent phases plays an important role in the formation of polymer blends. 
In general, there are three key methods to achieve the compatibilization. First, the 
phase morphology can be stabilized against shear or thermal effects during formation 
process. Conventionally, the polymers are heated above their melting temperatures to form 
molten liquid state then mixed and quenched to form solidified polymer blends [4]. 
Because normally polymer has a higher viscosity than air or water so a very slow phase 
separation process can be accomplished in the solidification process by using an 
appropriate cooling rate [11]. Second, the compatibilization can be achieved by the 
improvement of interfacial adhesion between the solid-state phases, such as adding a 
compatibilizing agent to increase the mutual interaction between polymer phases. More 
specifically, the addition of compatibilizing agent includes: 1) addition of copolymer in 
which one segment is miscible with one phase and another with the other phase 2) addition 
of nanoparticles that can influence polymeric structure 3) addition of compatibilizer that is 
miscible with both phases 4) addition of reactive compounding that can modify at least one 
macromolecular species and result in local miscibility regions [11]. Recent novel methods 
for polymer compatibilization involve mechanochemistry and solid-state mechanics [5]. 
On the other hand, the addition of a compatibilizing agent into a blend is often constrained 
by high cost of compatibilizers, poor dispersion, and negative impact on blend performance 
[12]. The third method is to dissolve the polymers in a solvent to increase the entropy 
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followed by the rapid removal of the solvent to prevent phase separation hence a single 
phase can be formed [4].  
Polymer blends have sparked in many aspects of contemporary technology, including 
automotive applications, electronics to applications for energy generation and harvesting, 
biofuel processing, membrane sciences, and healthcare industry etc. [3, 11]. For example, 
in healthcare industry hydroxyapatite blended with PLA and PMMA can form a tissue 
scaffold and used in prosthetics. PP blended with SBR or SEBS can also be used to support 
necessary body weight and movement for the latter application [13].  Recently, co-
continuous structure polymer blends have drawn attentions to tissue engineering because 
of its unique interconnected structure than other morphological structure of polymer blends. 
In tissue engineering, a scaffold with a co-continuous structure can be formed by blending 
two biodegradable polymers together. The co-continuous structure could provide 
continuous paths for an active drug to be released into the body. 
Based on the chemical reaction, material properties, processing conditions etc., there 
are four main types of phase morphology of polymer blends: droplet-matrix, matrix fiber, 
lamellar, and co-continuous structure, as shown in Figure 1 [10, 14]. The type of 
morphology depends on interfacial tension, viscosities ratio, volume fractions, and the 
processing conditions. Each of phase morphology has been extensively used and studied 
in various fields, such as self-reinforcing property in droplet-matrix structure and barrier 
enhancing property in lamellar structure [15, 16]. This research focuses on the co-
continuous morphologies because both components in the co-continuous structure can fully 
contribute to the properties of the blend in all directions. 
	 4	
 
Figure 1: Phase morphology of polymer blends: (a) droplet-matrix structure (b) 
matrix-fiber structure (c) lamellar structure (d) co-continuous structure [10, 14] 
 
1.2 Co-continuous Structure Polymer Blends 
Polymer blends can adopt four types of morphologies: droplet-matrix structure, 
matrix-fiber structure, lamellar structure, and co-continuous structure. The property of 
droplet-matrix structure largely depends on the matrix phase. The orientation of the 
dispersed fibers mainly determines the property of matrix-fiber structure. For the lamellar 
structure, alternating layers of different materials result in orientation dependent barriers 
properties. Of the four structures, co-continuous structure is of particular interest because 
it possesses a unique continuous interpenetrated network. Both components will equally 
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contribute to the material properties and the isotropic material behavior can be expected.  
Figure 2 shows an example of a three-dimensional reconstruction of a co-continuous blend 
using laser scanning confocal microscopy. The continuity of two components allows for 
the optimization of the material property by combining the desired characteristics from 
each component. For example, the lubricating strips in a razor blade has a continuous phase 
of lubricating polymer such as polyethylene oxide with another continuous phase of 
polyethylene or polystyrene as a mechanical support [17]. Figure 3 shows a cross section 
of a lubricating strip. Co-continuous structure is also used in the fabrication of conductive 
polymer blends in which a conductive polymer phase is supported by a mechanically robust 
polymer by a co-continuous phase network [18, 19]. Besides, recent research has utilized 
co-continuous polymer blends to extract or etch a single continuous phase to form a porous 
film [20-25]. For example, Trifkovic et al. has investigated the processing conditions of 
the co-continuous morphology of polyethylene (PE)/poly(ethylene oxide) (PEO) blends 
and fabricated a porous PE sheet by water extraction of PEO. The porous PE sheet can be 
used as a mechanical support layer for gas separations [26]. 
 
Figure 2:  A 3D reconstruction of a co-continuous LDPE/PEO blend by laser scanning 
confocal microscopy [16] 
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Figure 3:  A SEM image of the lubricating strip in a razor blade [16] 
 
The major difficulty is to obtain a desired co-continuous structure by mechanical 
mixing and maintain the optimized morphology after blends processing [27]. Because co-
continuous morphologies in matrix are not in an equilibrium state under quiescent 
conditions and will change morphology due to the interfacial tension [28]. The 
thermodynamic non-equilibrium morphology of co-continuous blends causes difficulties 
in understanding the morphology and behavior of the material due to the phase coarsening 
and dispersed droplets formation in the morphology. Phase coarsening is driven by the high 
molecular weight and the interfacial tension that tend to minimize the interfacial areas. 
Traditionally, the desired co-continuous morphology is processed by quenching the non-
equilibrium blends immediately to freeze the morphology. As the blends coming out of the 
melt compounder, it will undergo morphology changes through self-similar coarsening, 
filament breakup, and retraction [26].  
This research utilizes an easy-to-make and low-cost method, the wax templating 
method, to achieve thermodynamically stable polymer blends with co-continuous 
morphology. This fabrication approach allows for the formation of a stable submicrometer 
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structure without mechanical mixing. It also provides exceptional opportunities for 
synthesizing new polymer blends that are inaccessible using classical blending strategies. 
       
1.3 Fabrication of Interconnected Porous Structure by a Microsphere Templating 
Method 
The use of an interconnected porous matrix is an effective way to obtain co-continuous 
phase morphology in terms of processability and stability of the morphology. This method 
promises a controllable generation of desired open-cell porous structure with 
interconnected microchannels. The specified pore size and distribution can be obtained by 
tuning the material and process parameters [29]. There has been a growing interest in 
developing interconnected porous elastomers because of its high deformability and 
interconnected structures. It has been majorly driven by applications in cell migration in 
soft tissue engineering, porous matrix, medical implants, microfluidic devices, porous 
substrates for catalytic reaction, and membrane filtration units with adjustable permeability 
[29-31]. For example, Vunjak-Novakovic et al. fabricated porous poly(glycerol sebacate) 
elastomer with improved mass transportation capability using a salt leaching and carbon 
dioxide laser piercing process [32]. Wagner et al. used a thermally induced phase 
separation method to produce a biodegradable porous poly(ester urethane)urea elastomer 
[33].  
In the co-continuous polymer blends, the morphology of the porous matrix requires 
high controllability and interconnectivity. One general challenge in the fabrication of 
porous materials is the precise control of the interconnected porous structure. Common 
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fabrication methods such as particulate leaching and phase separation involves a large 
amount of toxic solvent in the preparation process, which is environmentally unfriendly 
and time consuming.  
A microsphere-templating process was adapted in this research for creating the porous 
elastomer matrix. This method gives a well-defined co-continuous porous structure with 
interconnected microchannels. In this process, a wax microsphere template is first prepared 
by thermal sintering wax beads close to the wax melting temperature. The optimal sintering 
temperature for forming a stable three-dimensional template is approximately 4˚C below 
the wax peak melting temperature [31]. An example of the morphology of a sintered 
microsphere template is shown in Figure 4. Then low-viscosity prepolymers and catalysts 
of elastomer are cast into the wax template. After the elastomer is cured, the template is 
sacrificially removed to produce the desired co-continuous porous structure. Figure 5 
shows a schematic of the fabrication process of porous elastomers [30]. There are three 
methods for the removal of wax template: squeezing, centrifuging, and solvent extraction. 
For the squeezing method, the sample is heated above the wax melting temperature and 
then squeeze repeatedly until the sample weight is constant. Similarly, in the centrifuging 
method the sample is heated above the wax melting temperature then immediately 
centrifuged until the sample weight becomes constant. The porous structure can also be 
obtained by immersing the sample into a solvent to extract out the wax template [31]. 
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Figure 4: The morphology of a sintered microsphere template [31] 
 
Figure 5: A schematic of the porous elastomer fabrication process [30] 
From a thermodynamic point of view, the wax microsphere sintering is driven by the 
tendency of free energy minimization by reducing the surface area. A kinetic model for 
viscous sintering proposed by Eshelby is used to describe the sintering of two contacted 
neighboring wax beads [34]: 
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𝑟"𝑟 = 𝑡𝛾𝜂𝑟' (/* 																																																										(1) 
where 𝑟' is the initial microsphere radius, 𝑟 is the sintered microsphere radius, 𝑟" is neck 
radius, 𝑡  is sintering time, 𝜂  is viscosity, and 𝛾  is surface tension. Within a narrow 
temperature range, the surface tension can be considered as a constant so the ratio of 𝑟"/𝑟 
is primarily determined by the sintering time 𝑡 and the viscosity of the material 𝜂 [31]. 
      The mechanical properties of interconnected porous material have been investigated in 
recent researches. For example, Migneco et al. studied the nonlinear elastic behavior of 
poly(glycerol-dodecanoate) porous scaffolds and fit their data using the Ogden Model [35]. 
Jeong and Hollister used an exponential model to investigate the compressive stress-strain 
behavior of poly(1,8-octanediol-co-citrate) scaffolds with various porous density during 
biodegradation [36]. Mitsak et al. characterized mechanical properties of poly(glycerol 
sebacate) scaffold under different curing conditions and were able to fit their stress-strain 
data to the Neo-Hookean Model [37]. Hong et al. studied the micromechanical 
characteristics of the interconnected porous polysiloxane [30]. They found that the 
deformation of the microchannels is a highly nonaffine deformation, which means the size 
change of a microchannel does not follow macroscale deformations. Figure 6 shows the 
interconnected porous structure to illustrate this point. Under nonaffine deformation, the 
ratio of α′ over α is not proportional to the applied stretch to the bulk material and can be 
affected by the channel orientation.  
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Figure 6: An illustration of affine deformation and nonaffine deformation [30] 
  
1.4 Research Motivation and Objectives 
The application of porous structure is emerging in the development of membrane 
permeability and functionality. Recent publications shed light on how membrane 
performance can be enhanced by modifying the microstructure of membranes via 
mechanical stretching. Early studies in neuroscience showed that mechanical stretch to 
neurons results in a magnitude-dependent increase in transient plasma membrane 
permeability [38]. Knoell et al. stated that pore aspect ratio (ratio of the lengths of the pore 
major axis and minor axis) of membrane influenced membrane performance in which 
increased pore aspect ratio results in increased water flux. However, the effect of controlled 
pore aspect ratio on membrane performance was not quantified in Knoell’s work. Later, 
Morehouse et al. further investigated the effect of mechanical stretching on the aspect ratio 
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of pores in microporous poly(vinylidene fluoride) (PVDF) membranes along with the 
performance of these membranes in terms of water diffusivity [39-42]. Morehouse et al. 
showed that uniaxial stretching a membrane elongated pores so increased their aspect ratio 
of membrane. Morehouse et al. also demonstrated that by applying strain of 80% to 
microporous PVDF membranes pure water flux increased up to 50% over that of non-
stretched membranes. However, previous work is limited to membranes with a low elastic 
stretchability, and the aspect ratio of the pores is not mechanically tunable once the 
membrane undergoes plastic deformation. 
In this research, elastomer is selected and fabricated into a porous structure because it 
can provide mechanical support and capable of sustaining large elastic strains. The pore 
shape change and recovery can be simply in situ adjusted by mechanical stretching of the 
bulk elastomer. However, the use of elastomers in membrane filtration applications is 
limited by their low water permeability and the porous structure does not allow for 
molecular selectivity. For example, experimental results in this research show that a 100um 
thickness 20:1 PDMS membrane can be biaxially stretched at least twice its original length 
but its water permeability is only 6×10-13m2/s. This functionality limitation can be 
accommodated by filling hydrogels into the co-continuous porous structure. Hydrogels 
have a crosslinked polymeric network with a high water permeability but low stretchability. 
For example, experimental results in this research show that the water permeability of a 
PEG-HEA hydrogel is 18.26 1∗3445∗67∗897 but the hydrogel fractures at a strain of 0.15 under 
a compressive load. In hydrogels, the polymer chains in the crosslinked network can 
function as a molecular sieve that only allows small molecules to diffuse through. Thus, 
the motivation of this research is to fabricate an elastomer-hydrogel composite that 
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combines the high stretchability of elastomer and high water permeability and salt 
diffusivity of hydrogel for membrane filtration applications. 
The primary objective of this research is to design, fabricate, and characterize a 
stretchable, water permeable elastomer-hydrogel composite material that can be used as a 
mechanically tunable sieve in drug delivery and biomedical applications. The composite 
material is synthesized by filling a co-continuous porous elastomer with hydrogels in order 
to combine the high deformability of elastomers and the high water permeability of 
hydrogels. Polydimethylsiloxane (PDMS) is chosen as the elastomeric matrix because of 
its biocompatibility and high stretchability. Polyacrylamide hydrogels are cast into the 
porous PDMS to function as an intermediate for molecule implant and diffusion. To 
improve the compatibility between PDMS and hydrogels, the poly(dimethylsiloxane-
ethylene oxide polymeric) (PDMS-b-PEO) is used as a surfactant additive to add into 
PDMS for improving the hydrophilicity of PDMS. The mechanical behavior such as 
stiffness and swelling ratio of the elastomer-hydrogel composite were characterized. The 
diffusion properties such as salt diffusivity is also tested and analyzed. 
 
1.5 Thesis Outline 
       In this research thesis, Chapter 1 gives an introduction to the fundamentals of polymer 
blends with a focus on co-continuous structure polymer blends. This chapter also discusses 
a novel fabrication method of interconnected porous structure, microsphere templating 
process, that allows for good processability and stability of co-continuous structure, which 
leads to the motivation and the objectives of this research. Chapter 2 presents the 
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fabrication and characterization of a hydrophilic PEO-PDMS composite that is used as 
interconnected porous matrix in co-continuous structure polymer blends. This chapter also 
discusses the fabrication and characterization of interconnected porous PEO-PDMS by the 
microsphere-templating process. Chapter 3 introduces the fabrication and characterization 
of hydrogels that are filled in the interconnected pores of the co-continuous polymer blends. 
Chapter 4 presented the fabrication and characterization of PDMS-hydrogel composite. 
The strain field in the hydrogel domain is also analyzed using a finite element analysis 
model. Chapter 5 gives a summary of the research work, and the findings, limitations and 
future works are discussed. 
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Chapter 2 
Fabrication and Characterization of Interconnected Porous 
PEO-PDMS 
     In this research, PDMS is selected as the matrix elastomer in the proposed elastomer-
hydrogel composite to provide mechanical support with a high stretchability. This chapter 
focuses on the fabrication and characterization of PDMS, along with hydrophilicity 
enhanced PEO-PDMS. The hydrophilic PEO-PDMS allows water to fast flow into the 
microchannels of the porous PEO-PDMS matrix. The intrinsic material behavior of PDMS 
and PEO-PDMS is characterized, including biaxial stretchability test, water permeability 
test, contact angle test, DMA tests, indentation test, and fracture energy test. This chapter 
also discusses the fabrication of interconnected porous PEO-PDMS using microsphere 
templating process and its stress-strain behavior is also studied and analyzed. 
2.1 PDMS Sample Preparation   
      In this research, Polydimethysiloxane (PDMS) is selected to be the elastomeric matrix 
in the co-continuous polymer blends. This nontoxic material has a high deformability, 
along with high thermal and chemical stability. PDMS has a molecular structure in which 
an inorganic silicone-oxygen backbone chain with organic side groups attached to silicon 
atoms. Figure 7 shows the molecular structure of a silicone polymer chain.  
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Figure 7: Molecular structure of a silicone polymer chain [43] 
      PDMS prepolymer is prepared by mixing the silicone base (Sylgard®-184) and the 
curing agent (cross-linker) from Dow Corning Corp. Table 1 shows some typical properties 
of PDMS. The ratio of the silicone base to the curing agent determines the stiffness and 
toughness of the cured PDMS. After that, the prepolymer mixture was well stirred by hand 
using a fork for 5 minutes then placed in a vacuum desiccator to degas for one hour until 
all the air bubbles in the mixture were expelled. The prepolymer is in a low-viscous liquid 
state which is beneficial to processing such as molding and casting. The prepolymer was 
then cured at 40˚C for 72 hours and became solid-state.  
Table 1: Typical properties of PDMS [44] 
Color Viscosity (Mixed) 
Density 
(Cured) 
Cure Time at 
25˚C* 
Tensile 
Strength* 
Colorless 3.5 Pa-sec 1.03g/cm3 48 hours 6.7 MPa 
* Base to agent weight ratio is 10:1 
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2.2 Characterization of PDMS   
2.2.1    Biaxial Stretchability Test of PDMS 
In this section, the biaxial stretchability of PDMS is characterized by measuring 
membrane central deflection at various differential pressure conditions. As an increasing 
differential pressure is applied to a circular shaped PDMS film, the film deflects into a 
blister configuration and exhibits biaxial stretching. A schematic of a deflected film is 
shown in Figure 8. Assuming the film deflection is much greater than the film thickness 
and membrane is in a circular shape, the film deflection at different applied pressures can 
be calculated by: 
𝑤' = 0.662𝑎	 𝑝𝑎𝐸𝑡B 																																																								(2)	 
where p is the applied pressure on the membrane, E is the Young’s modulus of the 
membrane, t is the membrane thickness, a is the radius of the circular membrane. 
 
Figure 8: A schematic of a deflected film under differential pressure 
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The testing setup for the film deflection test is shown in Figure 9. The setup consists 
of three main components: a pressure calibrator, a syringe pump, and a modular micro-
tribometer from Materials Tribology Lab at University of Illinois. A 100 µm thickness 
circular shaped (d=3mm) PDMS membrane with a crosslinking ratio of 20:1 was clamped 
by two steel plates. The Young’s modulus of 20:1 PDMS is 308 kPa. In this test, the 
membrane deflection was measured at pressures ranging from 1 kPa to 38 kPa in steps of 
1 kPa. A constant pressure was applied using a 10ml syringe where the syringe was 
connected to the chamber through a tee connector. A NE1000 syringe pump from New Era 
Pump System Inc. was employed to apply a constant pressure to the film, and the applied 
pressure was measured using a pressure calibrator from Fluke Corporation. The syringe 
pump allowed for a relatively constant pressure applied to the blister throughout the testing 
process. An indenter was utilized to measure the deflection at the center of the blister at 
different pressures. 
 
Figure 9: Testing setup for membrane deflection characterization tests 
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Figure 9 (cont.): Testing setup for membrane deflection characterization tests 
      Figure 10 shows the blister configurations at various differential pressures. The 
experimental results are shown in Figure 11. For (P/E) between 0.06 and 0.04 the deflection 
increasing rate becomes higher. This is because the steel plates that clamp the PDMS film 
constrained the expansion of the blister and formed a neck in the bulging blister due to the 
thickness of the steel plates. In summary, PDMS shows a high stretchability and can be 
biaxially stretched at least twice its original length. 
 
Figure 10: Blister configurations at various differential pressures 
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Figure 10 (cont.): Blister configurations at various differential pressures 
 
Figure 11: Film central deflection at various differential pressures 
2.2.2 Water Permeability Test of PDMS 
        This section discusses the characterization of water permeability of PDMS using an 
osmotically driven membrane processes. Forward osmosis is an osmotically driven 
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membrane process in which water diffuses across a membrane driven by a difference in 
osmotic pressure across the membrane. Forward osmosis, therefore, does not require an 
applied hydraulic pressure as a driving force like the reverse osmosis process. Osmotic 
pressure in forward osmosis can be significantly greater than hydraulic pressure in reverse 
osmosis, potentially leading to higher water diffusion flux. Figure 12 shows the schematic 
diagram of the apparatus for water permeability test. The actual experimental setup is 
shown in Figure 13. The apparatus consists of three main components: a feed water 
chamber (FC), a draw solution chamber (DC), and a PDMS film placed in between. The 
working principle of this measurement is based on an osmosis-driven water flow from FC 
to DC through a PDMS thin film. The film has an effective area of 0.28 cm2 with a 
thickness of 100 µm. The driving osmotic potential is provided by the difference of the 
solution concentration between the two chambers. 1M NaCl was used as an osmolyte in 
this test. A recirculation pump was connected to each chamber to circulate the flow with a 
flow rate of 20 ml/min in order to minimize the concentration polarization effects during 
the testing process. A pressure sensor was mounted to the chamber to monitor the 
differential pressure in the two chambers. A valve was mounted to the lower position of 
each chamber to control the flow and to drain out the water/solution in the chamber after 
the test. A conductivity probe was used to monitor the reverse salt diffusion into FC. Each 
chamber was connected to a sealed flask which was used for measuring the weight change 
throughout the testing process. Water flux across the membrane was determined by 
measuring the weight change of the solution in the flask over a period of time thus the 
water permeability can be calculated.  
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Figure 12: Schematic diagram of the water permeability test setup 
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Figure 13: Experimental setup for water permeability test 
Figure 14 shows the mass change in the draw solution chamber over time. It can be 
seen that the mass change in the draw solution chamber is decreasing over time. The result 
indicates the low water permeability of PDMS and the weight decrease is mainly caused 
by the water evaporation in the system over time. 
 
Figure 14: Mass change in the draw solution chamber in water permeability test 
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2.3 Hydrophilic PEO-PDMS Fabrication   
The hydrophobicity of PDMS is unfavorable in the fabrication of PDMS-hydrogel co-
continuous polymer blends because the hydrogel solution may not be easily cast and flow 
into the microchannels of the porous PDMS matrix. One common approach for modifying 
the hydrophilicity of PDMS is its exposure to oxygen plasma. However, the plasma 
treatments only change the surface properties and the hydrophilicity lasts only a few hours 
[45]. To improve the hydrophilicity of PDMS, this research uses block copolymer 
poly(dimethylsiloxane-ethylene oxide polymeric) (PDMS-b-PEO) as a surfactant additive 
to add into the PDMS prepolymer mixture to improve the hydrophilicity of PEO-PDMS. 
The chain segment length of PDMS-b-PEO are varied to tune the hydrophilicity properties. 
The molecular structure of PDMS-b-PEO is shown in Figure 15. The additive PDMS-b-
PEO comprises a hydrophobic segment that is compatible with PDMS and allows the 
additive to be solubilized and to anchor the additive in the cured PDMS. On the other hand, 
the hydrophilic pendant chain in the additive gives desirable surface hydrophilic properties 
to the elastomer [46]. 
 
Figure 15: The molecular structure of the poly(dimethylsiloxane-ethylene oxide 
polymeric) [47] 
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   In this experiment, the additives PDMS-b-PEO are purchased from Polysciences Inc. 
Some properties of PDMS-b-PEO are shown in Table 2. The extent of hydrophilicity of 
PDMS can be tuned by the weight ratio of PDMS-b-PEO to PDMS prepolymers. On the 
other hand, as the weight percent of PDMS-b-PEO increases, the sample becomes milky 
and the viscosity of the mixture increases, which is difficult for degassing in the preparation 
process. Figure 16 shows an image of the comparison of 10:1 PDMS, 10:1 PDMS with 1% 
PDMS-b-PEO addition, and 10:1 PDMS with 5% PDMS-b-PEO addition. 
Table 2: Typical properties of PDMS-b-PEO [47] 
Color Molecular Weight Viscosity Density 
Colorless 600 g/mol 0.02 Pa*s 1.07 g/cm3 
 
 
Figure 16: 10:1 PDMS (left), 10:1 PDMS with 1% PDMS-b-PEO addition (middle), 
and 10:1 PDMS with 5% PDMS-b-PEO addition (right) 
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  In this research, the PEO-PDMS sample was prepared by adding a weight ratio of 1% 
to the PDMS prepolymer mixture then stirred for 15 minutes using a digital vortex mixer 
from Fisher Scientific Inc. The mixture was then degassed in a vacuum for one hour and 
carefully poured into an acrylic mold to form a thin film, as shown in Figure 18. The sample 
mold has a size of 30mm x 30mm x 1.6mm. The sample mold was then put into an oven 
for curing at 40˚C for 72 hours. After that, the cured PEO-PDMS was peeled from the mold. 
The surface of a PDMS-PEO sample was observed under a scanning electron microscope 
(SEM) from Phenom-World Inc., as shown in Figure 17. In the SEM image, the black dots 
are the pendant chains that provide surface hydrophilic properties of the elastomer. 
 
Figure 17: Acrylic mold for making thin film samples 
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Figure 18: SEM image showing the surface of PEO-PDMS 
2.4 Characterization of PEO-PDMS 
2.4.1    Contact Angle Test 
 
 The hydrophilic PEO-PDMS was prepared by adding 1% weight percent of PDMS-b-
PEO block copolymer to the PDMS prepolymer mixture. Due to the tethered PEO block 
copolymer, the surface of PEO-PDMS exhibits rapid changing wettability characteristics. 
A time-dependent contact angle analysis was conducted to determine surface wettability 
properties of PEO-PDMS. Theoretically, in the contact angle analysis the thermodynamic 
equilibrium of the solid phase, the liquid phase, and the gas phase is described by Young-
Laplace equation [48]: 
𝛾CD − 𝛾C1 − 𝛾1D𝑐𝑜𝑠𝜃J = 0																																																(3) 
where 𝛾CD  is the solid-gas interfacial energy, 𝛾C1 is the solid-liquid interfacial energy, 𝛾1D  
is the liquid-gas interfacial energy, and 𝜃J is the equilibrium contact angle [48]. Figure 19 
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shows a schematic of a liquid drop on a material surface showing the quantities in Young-
Laplace equation.  
 
Figure 19: Schematic of a liquid drop on a material surface [51] 
      The contact angle measurement was carried out using a goniometer setup in the Energy 
Transport Lab at University of Illinois. A droplet of DI water of 2 µL was dispensed on the 
surface of a PEO-PDMS sample, and the contact angle was measured for 48 seconds with 
a frame rate of one image/sec. Figure 21 shows an image of a droplet on a PDMS surface 
and on a PEO-PDMS surface. Figure 22 shows the time-dependent contact angle analysis 
curves. In general, the contact angle of PEO-PDMS is lower than PDMS. At the same time 
interval, a lower water contact angle suggests higher surface hydrophilicity of the material. 
The high time-dependent decrease in the contact angle of PEO-PDMS is primarily 
attributed to the absorption and reorientation of hydrophilic PEO to the interface of 
polymer and water to reduce interfacial free energy [46, 49]. 
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Figure 20: Experimental setup for the contact angle test (the setup is from Energy 
Transport Lab at University of Illinois at Urbana-Champaign) 
 
 
  
Figure 21: An image of a DI water droplet on a PDMS surface (left) and on a PEO-
PDMS surface (right) 
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Figure 22: Contact angle analysis of PDMS and PEO-PDMS 
 
 
 
2.4.2    DMA Tests: Strain Sweep, Creep, and Stress Relaxation 
 
  The hydrophilicity of PDMS is greatly improved by adding a block copolymer PDMS-
b-PEO, but the effect of the surfactant additive to the mechanical properties of PDMS needs 
to be further investigated. In this section, strain sweep, creep, and stress relaxation tests 
were conducted using Dynamic Mechanical Analysis (DMA) to characterize the 
viscoelastic behavior of PEO-PDMS. DMA is a technique to measure the dynamic 
mechanical properties. In DMA, the complex modulus E* can be calculated by stress over 
strain. Since polymers behaves both like an elastic solid and a viscous fluid, the storage 
modulus E’ and the loss modulus E” were analyzed. The storage modulus is the elastic 
component which relates to the stiffness of the material. The loss modulus E” is the viscous 
component which relates to the ability of mechanical energy dissipation by molecular 
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motion. E*, E’, and E” are related by the tangent of phase difference	𝛿, as shown in Figure 
23. The phase difference 𝛿 can be determined by the phase lag between an input stress 
signal and an output strain signal. 
 
Figure 23: The relationship between E*, E’, and E” 
 
  A polymeric material has time dependent properties, which means the properties 
depend on the strain rate and amplitude. A polymeric material must be within the linear 
viscoelastic region to be independent of the magnitude of deformation. The linear 
viscoelastic region can be measured using a strain sweep test. As a general rule of thumb, 
the end of the linear region is to find the strain at which the initial value of the storage 
modulus changes by 5% [50]. All the DMA tests in this research were carried out using 
Q800 DMA in the Frederick Seitz Materials Research Laboratory Central Research 
Facilities, University of Illinois. In the strain sweep test, the PEO-PDMS sample has a size 
of 9.26 mm in length, 6.64 mm in width, and 1.31 mm in thickness; PDMS is 8.61 mm in 
length, 6.6 mm in width, and 1.68 mm in thickness. The frequency of the test was fixed at 
1 Hz and the amplitude was increased with an increment of 100 um. The results of strain 
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sweep tests are shown in Figure 24. It can be seen in the figure that the strain limit of linear 
viscoelastic region for PEO-PDMS is less than 2.7%, and less than 2.9% for PDMS. 
 
Figure 24: Strain sweep test results of PEO-PDMS and PDMS: normalized storage 
modulus vs. strain 
  The creep test was performed by applying a constant stress to a material and holding 
the stress for a period of time and then removing the load. The material exhibits an 
instantaneous elastic strain when the stress is applied, followed by an increasing strain over 
time due to the chain mobility. The strain change becomes slow over time. When the 
applied stress is removed, the elastic strain is immediately recovered followed with a time 
dependent strain recovery called anelastic recovery. A permanent strain may eventually be 
left in the material [51]. In this test, a constant stress of 16 kPa was applied to a PEO-
PDMS sample and held constant for 30 minutes then removed. Figure 25 shows the creep 
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test results. It can be found from the figure that no major difference in the creep behavior 
of PEO-PDMS and PDMS. 
 
Figure 25: Creep test results of PEO-PDMS and PDMS: stress, strain, creep 
compliance, and recoverable compliance vs. time 
 
  The stress relaxation test was conducted by applying a constant strain to a material and 
holding the strain for some length of time. At a constant strain, the required stress for 
holding the material decreases over time due to the rearrangement of the polymer chains. 
In this test, a constant strain of 1% was applied to the samples and held for 30 minutes. The 
stress relaxation test results are shown in Figure 26. The overall stress relaxation behavior 
is very similar for PEO-PDMS and PDMS. 
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Figure 26: Stress relaxation test results of PEO-PDMS and PDMS: strain, stress, 
relaxation modulus vs. time 
 
 
 
2.4.3    DMA Tensile Test 
 
 The stiffness of PEO-PDMS and PDMS was measured by a DMA tensile test. A pre-
load of 0.001N was applied to the sample then an increasing tensile load was applied on 
the sample with a loading rate of 3N/min until 18N (load limit of DMA) was reached. Two 
tests were performed for each sample to validate the repeatability of the results. Figure 27 
shows the stress-strain behavior of PEO-PDMS and PDMS. Elastic modulus was 
calculated by linear fitting stress-strain data for strain less than 2%. Table 3 summarizes 
the tests results. The elastic modulus of PEO-PDMS is 1.37 MPa and PDMS is 1.56 MPa. 
That is, the addition of PDMS-b-PEO surfactant additive results in 12.18% decrease in the 
stiffness of 10:1 PDMS. In general, the addition of PDMS-b-PEO does not affect much on 
the stiffness of PDMS. 
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Figure 27: The stress-strain curve of PEO-PDMS and PDMS 
 
Table 3: Elastic modulus test results of PEO-PDMS and PDMS by DMA tensile tests 
Elastic Modulus (Unit: 
MPa) PEO-PDMS 10:1 PDMS 
Test 1 1.34 1.55 
Test 2 1.40 1.57 
Mean 1.37 1.56 
Relative error 2.19% 0.64% 
 
 
 
2.4.4    Indentation Test 
 
  Recently, indentation technique has been demonstrated as a simple and quick approach 
to characterize the elastic modulus of a material. The elastic modulus can be determined 
from the indentation load and the corresponding displacement measurements. The 
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displacement measurement is facilitated using a high-resolution equipment at a scale of 
micrometers or nanometers [52]. This testing method is of particular interests to the 
characterization of soft materials because of its high precision at small scales. In this 
research, an indentation test was conducted to measure the elastic modulus of PEO-PDMS 
then compared to the results from the tensile tests for validation. The basic principle of an 
indentation test is to indent a sample surface with a spherical probe to a specified depth 
and measure the load-displacement response in the loading process. The load-displacement 
data is then fit to the Hertzian model to calculate the elastic modulus of a material. Figure 
28 shows a schematic of the contact surface in the Hertzian model.  
 
Figure 28: A schematic of the contact surface in Hertzian model [53] 
 Using the Hertzian contact model, the elastic modulus of a material can be calculated 
by the following equation: 
where 𝐸M37N9JO  is the elastic modulus of the sample, F is the applied force, 𝑣  is the 
Poisson’s ratio of the sample, 𝑅RST  is the radius of the spherical tip, (𝑠' − 𝑠)  is the 
𝐸M37N9JO = 	 3𝐹(1 − 𝑣*)4W𝑅RST(𝑠' − 𝑠)X *⁄ 																																									(4) 
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indentation depth. There are four assumptions for the application of Hertzian contact model: 
1) The stiffness of the sample is much less than that of the probe. 2) The indentation depth 
is far less than the radius of the probe. 3) No adhesion on the contact surface of the tip. 4) 
No viscoelasticity during indenting process. 
  A modular micro-tribometer from Materials Tribology Lab at University of Illinois was 
used for the indentation tests. Figure 29 shows the experimental setup for the indentation 
test of PEO-PDMS. The indenter has a spherical shaped steel tip with a radius of 1mm. 
The PEO-PDMS sample has a non-adhesive flat surface with a thickness of 2.5cm. The 
probe was indented onto the sample surface until it reached 10mN, and the corresponding 
indentation depth is 25µm. The loading process was in two seconds to minimize the effect 
of viscoelasticity. Figure 30 shows the fitting of the load-displacement data from the 
indentation test to the Hertzian model. The R2 value of the curve fitting is over 99.85%. 
 
Figure 29: Experimental setup for indentation tests 
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Figure 30: Curve fitting of force-displacement data from indentation tests to the 
Hertzian model 
 
 Assuming the Poisson’s ratio of PEO-PDMS is 0.5, the best fit of the experimental data 
to the Hertzian model outputs the elastic modulus. The results are summarized in Table 4 
and 5. From the indentation test results, the elastic modulus of PEO-PDMS is 1.445MPa, 
which is slightly higher than the modulus measured by DMA tensile test 1.37MPa. The 
relative error of the modulus test by the two test methods is 5.19%. 
Table 4: Indentation test results of PEO-PDMS 
Test Elastic Modulus (MPa) The R2 value 
Test 1 1.44 99.88% 
Test 2 1.45 99.85% 
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Table 5: Test result comparison of PEO-PDMS by DMA tensile tests and indentation 
tests 
Testing method Elastic Modulus (MPa) Relative error 
DMA – Tensile test 1.37 
5.19% 
Indentation test 1.445 
 
 
 
2.4.5    Fracture Energy Test 
   The fracture energy is an important intrinsic material property of a highly stretchable 
material, which describes the resistance of a material to the propagation of an existing crack. 
This section discusses the fracture energy tests of PDMS and PEO-PDMS using the tearing 
test method. In the tearing test method, two rectangular PEO-PDMS samples with the same 
material and geometry were prepared, one unnotched sample and one notched sample with 
a crack length of 15mm. The notched sample was first clamped between two clamps using 
a test stand from Mark-10 (ESM301) then an axial tensile stress was applied until it reached 
a critical displacement in which the notch in the sample started to propagate into a running 
crack. After that, the unnotched sample was also stretched to the critical displacement so 
the area under the stress-displacement curve of the unnotched sample is the fracture energy 
per unit area, which gives the absorbed strain energy per unit cross-sectional area before 
the crack propagation. Figure 31 shows a schematic of the configurations and principles of 
fracture energy calculation. Figure 32 shows the experimental setup and the crack 
propagation of the cracked sample. 
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Figure 31: The configurations of unnotched and notched sample and their load-
displacement responses [43] 
 
 
Figure 32: Notched sample before crack propagation (left) and after crack 
propagation (right) 
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   Fracture energy of both PDMS and PEO-PDMS was tested and analyzed. Figure 33 
shows the load-displacement curves in the fracture energy tests. Two tests were conducted 
for each sample and the corresponding fracture energy is summarized in Table 6. The 
fracture energy of PEO-PDMS is 332.7 J/m2 and of PDMS is 304.63 J/m2, which indicates 
that the addition of the surfactant PDMS-b-PEO does not impact much on the fracture 
energy of PDMS. 
 
Figure 33: Load-displacement response of PEO-PDMS and PDMS in fracture energy 
tests 
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Table 6: Fracture energy test results of PDMS and PEO-PDMS (unit: J/m2) 
Sample Test 1 Test 2 Mean Relative error 
PEO-PDMS 
composite 331.69 333.7 332.70 0.3% 
PDMS 319.15 290.10 304.63 4.77% 
      In summary, from the test results above, the mechanical properties of PDMS does not 
change much with the addition of the surfactant PDMS-b-PEO but the hydrophilicity is 
significantly improved. The hydrophilic PEO-PDMS promises the hydrogel solution to be 
easily cast and fast flow into the microchannels of the porous PEO-PDMS matrix. 
 
  
2.5 Fabrication of Interconnected Porous PEO-PDMS by a Microsphere-
Templating Process  
  In this research, an interconnected porous PEO-PDMS was fabricated by a microsphere 
templating process, which allows for the well-defined porous structured PEO-PDMS. 
White jojoba wax microspheres were obtained from Bramble Berry Inc. The properties of 
the wax microspheres are shown in Table 7.  
Table 7: Properties of wax microspheres [54] 
Sample Average diameter (µm) 
Melting 
temperature (˚C) Density (g/cm
3) 
Jojoba wax 
microspheres 260 67-75 0.86 
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      The wax microspheres were sintered at 72˚C for 5 hours to form an interconnected wax 
template. Figure 34 shows a comparison of wax beads before sintering and after sintering 
observed under optical microscope from Zeiss® microscopy. It is noticeable that two 
neighboring wax beads were sintered together and formed an interconnected template. The 
Sylgard-184 base, curing agent and PDMS-b-PEO were mixed with a weight ratio of 
100:10:1 and degassed in a vacuum desiccator for 1 hour. Then the mixture was slowly 
cast into the wax template and wait for one hour to allow the mixture to cast and penetrate 
into the wax template. After that, the sample was cured in oven at 40˚C for 72 hours. A 
relatively low curing temperature was chosen to avoid melting of wax beads. After PEO-
PDMS was cured, the wax template was extracted by heating the sample above the melting 
temperature of the wax beads and mechanically squeezing out the wax template until the 
sample weight becomes constant. After that, the porous PEO-PDMS was immersed in an 
acetone bath at 50˚C with 500 rpm stirring for 48 hours to further remove residual wax on 
the surface of the sample. Figure 35 shows an image of a porous PEO-PDMS sample. 
Figure 36 shows a comparison of SEM images of a porous PEO-PDMS before the wax 
template removal and after the template removal. Figure 37 shows SEM images of the 
pores in a porous PEO-PDMS sample.  
   
Figure 34: Wax beads before sintering (left) and after sintering (right) 
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Figure 35: A porous PEO-PDMS sample 
 
 
   
Figure 36: Porous PEO-PDMS before wax template removal (left) and after template 
removal (right) 
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Figure 37: Pores in porous PEO-PDMS 
 
 
 
2.6 Volume Fraction of Pores in Porous PEO-PDMS  
The volume fraction of pores in a porous PEO-PDMS was determined by calculating 
the weight change of the sample before and after the wax template removal. Assuming the 
air volume in the sample is negligible, the volume fraction of pores can be calculated by: 
𝜐 = 𝑤(𝜌(𝑤(𝜌( + 𝑤*𝜌* 																																																																				(5) 
where w1 is the sample weight before wax template removal, w2 is sample weight after 
template removal, 𝜌( is the density of wax beads, and 𝜌* is the density of PEO-PDMS. In 
this test, the density of wax beads is 0.86 g/cm3 and the density of PEO-PDMS is 1.1 g/cm3. 
Table 8 summaries the volume fraction test results of three porous PEO-PDMS samples. 
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The results are very consistent across the three samples, and the average volume fraction 
of pores is 53% in the PEO-PDMS sample. 
Table 8: Volume fraction calculations of porous PEO-PDMS 
Sample weight #1 #2 #3 
Before wax 
template removal 21.53g 28.44g 23.41g 
After wax 
template removal 11.56g 15.09g 12.56g 
Volume fraction 
of wax template 52.45% 53.09% 52.49% 
 
 
2.7 Stress-strain Behavior of Interconnected Porous PEO-PDMS 
  The stress-strain behavior of a porous PEO-PDMS was characterized by a tensile test. 
A porous PEO-PDMS sample with a size of 7.90mm x 4.74mm x 3.40mm was clamped 
on DMA Q800, and a tensile stress was applied with a forcing rate of 2N/min until it 
reached 2N. Figure 38 shows the stress-strain response of a porous PEO-PDMS sample. 
Elastic modulus was calculated to be 249.1kPa by linear fitting the strain from 5% to 10%. 
Compared to the bulk PEO-PDMS, the modulus of porous PEO-PDMS is reduced by 82% 
due to the interconnected porous structure. 
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Figure 38: Stress-strain behavior of porous PEO-PDMS 
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Chapter 3 
Fabrication and Characterization of Hydrogels 
     This chapter discusses the fabrication and characterization of two hydrogels, 
polyacrylamide hydrogel and PEG-HEA hydrogel. In this research, polyacrylamide 
hydrogel is selected as the interconnected hydrogel domains in the proposed elastomer-
hydrogel composite to provide high water permeability and salt diffusivity. This chapter 
first discusses the fabrication procedures of polyacrylamide hydrogels, followed by the 
characterization of the hydrogel, swelling ratio test and compression test. In addition, this 
research explores the feasibility of using PEG-HEA hydrogel in the composite in which 
the fabrication and characterization tests are also discussed in this chapter. 
3.1 Fabrication of Polyacrylamide Hydrogels 
Recently, hydrogels have been widely used as a scaffold for drug delivery, tissue 
engineering, and biomedical applications [55]. Hydrogels are hydrophilic polymer 
networks that are physically entangled or chemically crosslinked with high water retention 
capacity [56]. Water molecules are either bonding to polar hydrophilic groups as ‘bond 
water’ or filling the space in the polymer chain network or pores as ‘free water’ [57]. 
Polyacrylamide hydrogel is a colorless, non-degradable, atoxic water gel that is widely 
used in drug treatment, ophthalmic operations, and water purification [58]. In this research, 
polyacrylamide hydrogel is filled in the pores of PEO-PDMS matrix to provide an 
interconnected path for molecules to diffuse through. This section discusses the fabrication 
of polyacrylamide hydrogels, and next section discusses the characterization of the 
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hydrogels including swelling ratio tests and compression tests.  
In the fabrication process, a beaker filled with deionized (DI) water was first placed in 
the oven to saturate the oven chamber with a hydrated environment. This minimizes the 
water evaporation during the hydrogel curing process. Acrylamide monomer (AM, 
MW=71.08g/mol) from Sigma-Aldrich® was dissolved in DI water with a weight percent 
of 25%. Then the crosslinker N,N’-methylenebisacrylamide (MBAA, 0.06% the weight of 
AM), the initiator ammonium persulfate (AP, 0.17% the weight of AM), and the 
crosslinking accelerator N,N,N’,N’-tetramethylenediamine (TEMED, 0.05% the weight of 
AM) were added and fully stirred for 2 minutes. The solution was then poured into a petri 
dish and degassed for 15 minutes. Finally, the hydrogel solution was cured in the oven at 
50ºC for 5 hours. Figure 39 shows an as-prepared polyacrylamide hydrogel sample. 
 
Figure 39: An as-prepared polyacrylamide sample 
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3.2 Characterization of Polyacrylamide Hydrogels 
3.2.1    Swelling Ratio Test 
A crosslinked hydrogel swells as water or solvent diffuses into the hydrogel network. 
The swelling properties describe the degree of swelling of a hydrogel network, which 
depends on crosslink density, solvent nature, and polymer-solvent interaction [56]. In this 
section, the volumetric swelling ratio of polyacrylamide hydrogel is tested and analyzed. 
The water induced volumetric swelling ratio Q of hydrogel can be calculated by: 
𝑄 = 𝜐M_`aaO"𝜐9MbT7OT97Oc 																																																											(6) 
where 𝜐M_`aaO" is the volume of a swollen hydrogel and 𝜐9MbT7OT97Oc is the volume of an 
as-prepared hydrogel. In this test, a rectangular shaped as-prepared hydrogel sample with 
an initial volume of 0.9 ml was immersed in DI water in a cylinder, as shown in Figure 40. 
After 48 hours, the hydrogel was fully swollen and the sample volume was increased to 2.9 
ml. Thus, the volumetric swelling ratio of polyacrylamide hydrogel is 3.2. 
 
Figure 40: Volumetric swelling of polyacrylamide hydrogel 
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Water retention capacity of the hydrogel was also tested and analyzed. The water 
retention suggests the amount of water that can diffuse into and stored in the hydrogel 
network. An as-prepared hydrogel was placed in a desiccator with drierite for three days 
and the weight of the dried hydrogel sample was measured. Then the sample was immersed 
in DI water until the sample became swollen and the weight of the swollen sample was 
also measured. Figure 41 shows the three swelling conditions of a hydrogel sample, dried, 
as-prepared, and swollen condition. The weight of the hydrogel sample under different 
swelling conditions is summarized in Table 9. The weight ratio of swollen to as-prepared 
to dried hydrogel is 13.85:3.33:1. 
 
Figure 41: Different swelling conditions of a polyacrylamide hydrogel sample: dried 
(left), as-prepared (middle), swollen (right) 
 
Table 9: The weight of polyacrylamide hydrogel under dried, as-prepared, and 
swollen condition 
Swollen condition Dried As-prepared Swollen 
Weight (g) 2.17 7.23 30.09 
 
	 52	
3.2.2    Compression Test 
  Compression test is a common technique to determine the mechanical stiffness of a 
hydrogel. Traditional method such as tensile test is difficult to set up because hydrogels 
are slippery and compliant. The compression test involves placing the hydrogel sample 
under a compression plate and quickly compressing it to obtain the stress-strain response. 
Figure 42 shows the experimental setup for the compression tests. In this test, a rectangular 
shaped swollen hydrogel sample with a size of 17.2mm x 17.2mm x 8.2mm was glued to 
the bottom of a glass jar to avoid movement or instability of the sample during the loading 
process. Then DI water was added to the glass jar until the compression plate and the 
hydrogel were fully immersed in DI water. A preload of 0.1N was applied to the sample to 
ensure the sample surface was contacted with the loading plate and to stabilize the sample 
during the loading process. After that, a compressive loading rate of 10mm/min was 
applied to the sample until 60% strain was reached. A relatively high loading rate was used 
so that the water molecules do not have enough time to diffuse out of the deformed sample. 
The hydrogel is assumed to be incompressible and the compression response is equivalent 
to deformation of an elastic sample. Total of three compression tests were conducted. The 
true stress vs. strain response of the hydrogel sample is plotted in Figure 43, and the 
stiffness results are summarized in Table 10. The stiffness of the hydrogel was calculated 
by linear fitting the stress-strain data. The average elastic modulus of a swollen 
polyacrylamide hydrogel is 23kPa. 
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Figure 42: Experimental setup for compression tests of polyacrylamide hydrogels 
 
Figure 43: True stress vs. strain response of polyacrylamide hydrogel  
Table 10: Elastic modulus test results of polyacrylamide hydrogel 
Test Test 1 Test 2 Test 3 Mean 
Elastic modulus 
(kPa) 24.7 21.5 22.7 23 
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3.3 Fabrication of PEG-HEA Hydrogel 
This section explores the feasibility of using another hydrogel, poly(ethylene glycol) 
(PEG)-based hydrogel, in the PDMS-hydrogel composite. PEG-based hydrogel has a high 
swelling ratio with potentials in fouling-resistant coating materials.  
The hydrogel was synthesized by the crosslinker poly(ethylene glycol) diacrylate 
(PEGDA: MW=698, n=13), 2-hydroxyethyl acrylate (HEA: MW=116 g/mol, n=1), and 
the photoinitiator 1-hydroxycyclohexyl phenyl ketone (HPK). Prepolymerization mixture 
was first prepared by combining 60 mol% of PEGDA and 40 mol% of HEA with 1 wt% 
of photo-initiator. The crosslinker, monomer, and photoinitiator were then mixed in a glass 
jar and stirred with a magnetic stir bar for about one hour to completely dissolve the 
photoinitiator. The mixture was prepared in a UV-light filtered fume hood to minimize the 
light exposure to the solution. When the photoinitiator was fully dissolved, 60% wt% of 
DI water was added into the mixture and the solution was stirred for an additional hour. 
Then, the prepolymerization mixture was poured between two glass sheets with a layer of 
tape as spacers to control film thickness, as shown in Figure 44. In this test, the thickness 
of PEG hydrogel film is 330 µm. After that, the prepolymerization mixture was exposed to 
UV light for 120s for curing. Finally, the hydrogel film was rinsed and immersed in DI 
water for over 24 hours. 
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Figure 44: Apparatus for hydrogel thin film preparation 
 
3.4 Characterization of PEG-HEA Hydrogel 
 
3.4.1    Compression Test of PEG-HEA Hydrogel 
       
       The stretchability test of PEG based hydrogel was characterized by a uniaxial 
compression test because the sample is fragile and difficult to clamp. The aim of this test 
is to characterize the ultimate strain limit of the hydrogel when it reaches the failure point. 
A square shaped swollen PEG-HEA hydrogel sample (9mm×9mm) with a thickness of 
3mm was first prepared. The sample was immersed in DI water to avoid water evaporation 
during the testing process. An increasing compressive load was applied to the sample using 
a Mark-10 load stand with a loading rate of 2mm/min. Because of the high loading rate, 
the poroelasticity of the sample is negligible and the sample is assumed to be 
incompressible. When the sample reaches its ultimate strain limit, the sample fractured into 
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pieces and a dramatic drop in stress was observed. Figure 45 shows a hydrogel sample 
before and after a compression test.  
 
	 	
Figure 45: Hydrogel sample before and after a compression test 
								Total of three compression tests were conducted. Figure 46 shows the stress-strain 
behavior of PEG-HEA hydrogel. The stress-strain response behaves non-linearly in the 
initial loading stage because water was squeezed out from the bottom of the sample. It was 
assumed that the loading plate was fully contacted with the sample surface when the slope 
of stress versus strain curve became relatively constant. Since the hydrogel sample was 
deformable so true stress was used in this analysis assuming that the material is 
incompressible. If we take the full contact point as the starting point, the hydrogel sample 
fractured at a compressive stress of 0.5MPa and the corresponding strain is 0.153. The test 
results show low stretchability of PEG-HEA hydrogel, and the material is very fragile even 
at a low compressive load. Polyacrylamide hydrogel exhibits a relatively higher 
stretchability than PEG-HEA hydrogel in terms of mechanical robustness.  
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Figure 46: Stress-strain behavior of a PEG-HEA hydrogel under a compressive load 
 
3.4.2 Water Permeability Test of PEG-HEA Hydrogel 
This section discusses the characterization of water permeability of PEG-HEA 
hydrogel by a pressure-driven diffusion process. The permeability test was conducted using 
a 50 mL Amicon 8050 filtration cell from Millipore Corp, as shown in Figure 47. The cell 
is consisted of four parts: a top cap, body, membrane support, and a bottom fitting. The 
hydrogel sample was placed into the filtration cell, and the O-ring completely covered and 
constrained the membrane edges. Figure 48 shows a schematic of the testing system. 
Ultrapure water was prepared in the filtration cell, and the filtration cell was pressurized 
by inert nitrogen gas. The applied pressure was regulated using a pressure regulator from 
Airgas Inc. based on the pressure reading of a pressure transducer from OTC Inc. The 
applied pressure forced water to permeate through the hydrogel membrane. Water 
permeated through the membrane flowed out from the permeate tube attached at the bottom 
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of the filtration cell and collected in a flask. Figure 49 shows the assembled experimental 
apparatus. 
 
	
Figure 47: Filtration cell for permeability test 
       Considering the low water flux permeated through the membrane, in this test, water 
flux was measured by counting the water droplets coming out of the tube that attached to 
the bottom of the filtration cell. Water evaporation effect has a low impact on this method 
because a water droplet has a small surface area and short air exposure time. The water 
droplets were recorded by using a CCD camera, and a picture was taken every one minute. 
Assuming the size of each droplet is the same, the water flux can be calculated by Δm/Δt. 
A small amount of water was added to the flask before the test to saturate the humidity in 
the flask. The weight of each water droplet was calibrated as 0.049 ±0.0005g.  
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Figure 48: Schematic of permeability testing system 
  
Figure 49: Assembled permeability testing system 
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Figure 50 shows the formation of a water droplet over time where the image framing 
rate is one image per minute. The water permeability can be calculated using the following 
equation: 
𝑃 = 	 𝛥𝑉𝑙𝐴𝛥𝑝𝑡 																																																																	(7) 
where P is water permeability, 𝛥𝑉 is the volume of water permeated through the membrane, 
l is the film thickness, A is contact surface area of the membrane, 𝛥𝑝 is the differential 
pressure, and t is the testing time. The thickness of the sample is 315µm, the contact area 
of the membrane is 12.57cm2, and the applied gage pressure is 156.86kPa. The time 
between two successive water droplets is 27 minutes. Therefore, the water permeability is 
calculated to be 18.26	( 1∗3445∗67∗897). 
 
Figure 50: Water droplet formation process in water permeability test 
      In summary, PEG-HEA hydrogel has a high water permeability but a low stretchability. 
PEG-HEA hydrogel can be a potential material to be integrated into an elastomer porous 
structure to provide the functionality. In this research, polyacrylamide was selected as the 
hydrogel domains in the PDMS-hydrogel composite because it is easy to make and less 
fragile than PEG-HEA hydrogels. 
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Chapter 4 
Design, Fabrication, and Characterization of PDMS-Hydrogel 
Composite 
This chapter discusses the fabrication process of co-continuous PDMS-hydrogel 
composite. The composite consists of an interconnected porous PEO-PDMS elastomer 
matrix with interconnected polyacrylamide hydrogel domains. The PDMS-hydrogel 
composite combines the stretchability of PEO-PDMS and the high water permeability of 
hydrogels. In addition, the well-defined PEO-PDMS porous structure provides the 
encapsulation of hydrogels, which allows for high water retention capacity and low water 
evaporation rate. The characterization of the PDMS-hydrogel is also presented in this 
chapter, including swelling ratio test, DMA tensile test, compression test, and salt 
diffusivity test, which aid in understanding the material properties of the composite. 
4.1 Fabrication of PDMS-Hydrogel Composite 
In the fabrication process, a porous PEO-PDMS sample and polyacrylamide solutions 
were prepared. Then the porous PEO-PDMS was placed in a petri dish and hydrogel 
solution was slowly poured into the petri dish until the PEO-PDMS was fully immersed. 
After that, the sample was compressed to remove air trapped in the porous PEO-PDMS 
and to allow hydrogel solutions to flow into the pores. The sample was then moved to a 
vacuum desiccator and degassed for 15 minutes to further remove the air bubbles. This step 
needs to be handled very quickly in case the hydrogel starts to cure and becomes viscous. 
Until no air bubble was observed on the sample surface, degassing was terminated and the 
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sample was moved to oven for curing at 50ºC for 5 hours. Figure 51 shows a co-continuous 
PDMS-hydrogel composite. The filaments in the cutting cross section are the stretched 
interconnected hydrogel domains. Figure 52 shows the stretching process of a cutting cross 
section of a PDMS-hydrogel composite.  
 
Figure 51: A PDMS-hydrogel composite with a cutting cross section 
 
Figure 52: The stretching process of a cutting cross section of a PDMS-hydrogel 
composite 
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The internal microstructure of a cross section of a swollen PDMS-hydrogel composite 
was observed in SEM. A swollen PDMS-hydrogel sample was placed on a foam and frozen 
by liquid nitrogen. When the sample was frozen by the liquid nitrogen, a small slice was 
cut from the sample with a neat and clean cross section. After that, the sample slice was 
quickly observed under SEM to minimize water evaporation. Figure 53 shows SEM images 
of a cross section of a swollen PDMS-hydrogel composite. It can be seen that the hydrogels 
are filled in the porous PEO-PDMS matrix with a co-continuous structure. The swelling of 
the hydrogels is constrained by the PEO-PDMS matrix due to its relatively higher stiffness. 
Figure 54 shows SEM images of a cross section of a PDMS-hydrogel composite after being 
left at room temperature (25ºC) for three hours. It can be seen from the figure that the 
hydrogel microspheres shrink and there is a gap between the hydrogel and the PEO-PDMS 
matrix. This is due to the time-dependent water evaporation in the hydrogels. 
      
Figure 53: Cross section of a swollen PDMS-hydrogel composite 
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Figure 54: Cross section of a swollen PDMS-hydrogel composite after being left at 
room temperature for three hours 
 
4.2 Simulation of PDMS-Hydrogel Composite under Mechanical Stretching by 
Finite Element Analysis 
  In a PDMS-hydrogel composite, the strain field of the hydrogel domain under 
mechanical stretching is analyzed by finite element analysis in Abaqus. Strain field at the 
center of hydrogel domains is compared to the stretch of the composite. This analysis aids 
in understanding the relationship between the applied stretch to the bulk composite material 
and the strain in the hydrogel domains. In this analysis, the composite is assumed to be a 
thin film with a symmetric configuration about x, y, z planes. So only one eighth of the 
composite unit was modeled to reduce the computation effort, as shown in Figure 55. The 
CAD model of the one eighth composite unit was created in Solidworks then imported into 
Abaqus for finite element analysis.  
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Figure 55: PDMS-hydrogel model in finite element analysis 
In the analysis, the 3D homogeneous solid element type was used to model both PEO-
PDMS and the hydrogel. The material property of each material was defined by the 
experimental characterization results where the elastic modulus of PEO-PDMS is 1.4 MPa 
and polyacrylamide hydrogel is 23 kPa. Assuming PEO-PDMS and hydrogel are 
incompressible, the Poisson’s ratio of both materials is 0.5. Both materials were assumed 
to be hyperelastic and modeled using the Neo-Hookean model. Another assumption in this 
simulation is that PEO-PDMS and hydrogel are tie together. To increase the accuracy, the 
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composite model was meshed with quadratic tetrahedron elements. Three loading 
conditions were studied, stretching in x-axis and z-axis, and biaxial stretching in both x- 
and z-axis. Strain field at the center of hydrogel was extracted and analyzed. The simulation 
results of strain vs. stretch are shown in Figure 56. The simulation results show that as the 
bulk composite is stretched to 100% in x/z direction, the strain at the center of hydrogel is 
lower than 1. The strain loss is mainly caused by the compliance of elastomer matrix and 
hydrogel domains.  
 
Figure 56: FEA results: strain vs. stretch in the center of hydrogel microsphere in 
PDMS-hydrogel composite 
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4.3 Characterization of PDMS-Hydrogel Composite 
4.3.1    Swelling Ratio Test 
In the PDMS-hydrogel composite, the PEO-PDMS matrix provides a swelling 
controlled porous structure that constrains the swelling of hydrogel domains. There is an 
opposite elasticity force from PEO-PDMS matrix that prevents the expansion of the 
hydrogel network. At equilibrium, the osmotic forces are balanced with the elasticity force. 
In this section, a volumetric swelling ratio test was conducted to analyze the expansion of 
hydrogel with the constrained porous structure. A rectangular shaped as-prepared sample 
with an initial volume of 1cm3 was immersed in DI water for over 48 hours. The sample 
volume was measured by placing the composite sample in a cylinder and measuring the 
water volume change. The volume of the swollen composite sample is 1.4 cm3 so the 
swelling ratio is 1.4. Note that the swelling ratio (SR) of PDMS-hydrogel composite lies 
in between PEO-PDMS (SR=1) and polyacrylamide hydrogel (SR=3.2). Figure 57 shows 
a swollen PDMS-hydrogel composite. It can be seen that there are some hydrogels on the 
sample surface. Even though the PEO-PDMS constrains the swelling of the internal 
hydrogels, hydrogels on the composite surface can swell and free expand. 
 
Figure 57: A swollen PDMS-hydrogel composite 
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4.3.2    DMA Tensile Test 
The stress-strain behavior of a swollen PDMS-hydrogel composite was characterized 
using DMA Q800. Figure 58 shows the experimental setup of the tensile test. A rectangular 
shaped sample with a size of 6mm x 6.5mm x 3.4mm was tested. A preload of 0.001N was 
applied to the sample, and an increasing tensile load was applied to 2N with a loading rate 
of 2N/min. Figure 59 shows the stress-strain behavior of a swollen PDMS-hydrogel sample. 
The elastic modulus was calculated to be 142.4kPa by linear fitting the stress-strain curve 
portion of strain from 5% to 10%. Compared to the porous PEO-PDMS, the modulus of 
PDMS-hydrogel is slightly lower. A possible reason for the decreased modulus is the 
expansion of porous structure due to the swelling of hydrogel. So the volume fraction of 
PEO-PDMS in a PDMS-hydrogel composite is lower than porous PEO-PDMS. 
 
Figure 58: DMA tensile test of a PDMS-hydrogel composite 
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Figure 59: Stress-strain behavior of a swollen PDMS-hydrogel 
 
4.3.3    Compression Test 
In this section, a compression test of PDMS-hydrogel was conducted to further validate 
the elastic modulus characterized by DMA tensile test. A swollen PDMS-hydrogel 
composite with a size of 21.33mm x 22.27mm x 5.97mm was glued to the bottom of a glass 
jar, and sufficient water was added to the glass jar such that the sample and the loading 
plate were fully immersed in water. Figure 60 shows the experimental setup for the 
compression test. A preload of 0.1N was applied to the sample surface, and sequentially a 
compressive load was applied to the sample with a loading rate of 2mm/min using Mark-
10 load stand. Figure 61 shows the true stress-strain behavior of the PDMS-hydrogel 
composite. The elastic modulus of the composite was estimated to be 136.1kPa by linear 
fitting the stress-strain curve section for 5%-10% strain. The nonlinearity at initial loading 
condition is due to water being squeezed out from the bottom of the sample. The modulus 
measured by the compression test is very close to the modulus tested from DMA tensile 
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test, with a relative difference of 4.4%. 
 
Figure 60: Experimental setup for compression test of PDMS-hydrogel composite 
 
Figure 61: True stress vs. strain behavior of a PDMS-hydrogel composite 
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4.3.4    Salt Diffusivity Test 
Salt transport property is important in drug delivery and tissue engineering. In this 
research, salt transport test in PDMS-hydrogel was performed using kinetic desorption 
experiments [59]. Two samples were prepared and tested, a PDMS-hydrogel film with a 
thickness of 2mm and a polyacrylamide hydrogel film with a thickness of 3.8mm. Both 
samples were immersed in 1M sodium chloride solutions for 48 hours. Then the samples 
were removed and quickly patted dry. After that, the sample was placed in a beaker with 
100ml DI water. The beaker was sealed with Parafilm to minimum the water evaporation 
and reduce solution conductivity change due to the absorption of CO2 in water. The 
experimental setup is shown in Figure 62. The solution was stirred at 500rpm to give a 
uniform salt concentration in the solution. Solution conductivity was measured using a 
conductivity meter PCE-PHD 1 from PCE Instruments. The sampling rate was 0.5Hz. The 
test was terminated as the conductivity of the solution became constant. That is, the sample 
and the salt solution reached an equilibrium. The test results are shown in Figure 63. 
 
Figure 62: Experimental setup for kinetic desorption salt diffusivity test 
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Figure 63: Kinetic desorption test results of PDMS-hydrogel composite and hydrogel 
The salt diffusion coefficient Ds was calculated based on Fickian analysis of solution 
desorption from a planar film [60, 61]: 
𝐷𝑠 = 𝜋𝑙*16 𝑑(𝑀R/𝑀n)𝑑(𝑡(/*) * 																																																			[8] 
where l is the sample thickness, c(rs/rt)c(Ru/5)  is the slope of the linear section of 𝑀R/𝑀n versus 𝑡(/* plot, 𝑀R is the instantaneous salt concentration of the solution, 𝑀n is the equilibrium 
salt concentration of the solution, and t is time. A calibration curve of solution conductivity 
vs. salt concentration was characterized, as shown in Figure 64. The calibration curve 
shows a linear relationship of conductivity to salt concentration in the solution. So the ratio 
of 𝑀R/𝑀n can be approximated as 𝐶R/𝐶n where C is the conductivity of the solution. The 
salt diffusivity coefficient 𝐷𝑠 was obtained by fitting the linear region of the curve that 𝑀R/𝑀n between 0.1 and 0.6. The NaCl diffusion coefficient of PDMS-hydrogel composite 
is 5.62×10-6 cm2/s and polyacrylamide hydrogel is 1.67×10-5 cm2/s. 
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Figure 64: Conductivity calibration curve of solution conductivity vs. salt 
concentration 
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Chapter 5 
Summary 
 In this research, an elastomer-hydrogel composite is designed, fabricated, and 
characterized. The composite consists of a porous interconnected hydrophilic PEO-PDMS 
matrix filled with cocontinuous polyacrylamide hydrogel domains, which combines the 
high elasticity of PEO-PDMS and the high water permeability of hydrogels. The 
encapsulation of hydrogel in PEO-PDMS matrix can also maintain high water retention of 
hydrogels. The aim of the material is to be used as a mechanically tunable sieve for drug 
delivery and tissue engineering. The hydrophilicity of PDMS is improved by the addition 
of a block copolymer poly(dimethylsiloxane-ethylene oxide polymeric) (PDMS-b-PEO). 
The stiffness, contact angle, and fracture energy of the hydrophilic PEO-PDMS were 
experimentally characterized and compared to the behavior of PDMS. The interconnected 
porous structure of PEO-PDMS was fabricated by a microsphere wax templating process, 
which gives a stable and well-defined porous structure. Polyacrylamide hydrogels were 
cast into the porous PEO-PDMS to form interconnected hydrogel domains. The PDMS-
hydrogel composite was characterized by swelling tests, DMA tensile tests, and salt 
diffusivity tests to offer insights into the behavior of cocontinuous hydrogels in PEO-
PDMS matrix. This research has provided an experimental guideline for the design of 
cocontinuous polymer blends with two immiscible materials for material properties 
enhancements. 
        Future work may include the improvement of the compatibility of the elastomer 
matrix with the hydrogel domains to promise controlled volume change in the porous 
	 75	
structure under mechanical stretching. Swelling tests with various crosslinking ratio of 
PDMS and various polymer fractions of hydrogels can aid in investigating the mechanism 
of PDMS and hydrogel interaction, the interplay of matrix material elasticity and swelling 
expansion of hydrogels. In addition, different pore sized matrices can be obtained by 
microsphere templates formed by different sized wax beads. So the effect of various 
volume fractions of hydrogels can be studied via different pore sized matrices to tune the 
material properties of the composite. 
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